Background: There are long-standing concerns about adverse effects of gas appliances on respiratory health. However, the potential adverse effect of low-NO x (nitrogen oxide) unflued gas heaters on children's health has not been assessed. oBjectives: Our goal was to compare the respiratory health effects and air quality consequences of exposure to low-NO x unflued gas heaters with exposure to non-indoor-air-emitting flued gas heaters in school classrooms. Methods: We conducted a double-blind, cluster-randomized, crossover study in 400 primary school students attending 22 schools in New South Wales, Australia. Children measured their lung function and recorded symptoms and medication use twice daily. Nitrogen dioxide (NO 2 ) and formaldehyde concentrations were measured in classrooms using passive diffusion badges. results: NO 2 concentrations were, on average, 1.8 times higher [95% confidence interval (CI), 1.6-2.1] and formaldehyde concentrations were, on average, 9.4 ppb higher (95% CI, 5.7-13.1) during exposure to unflued gas versus flued gas heaters. Exposure to the unflued gas heaters was associated with increased cough reported in the evening [odds ratio (OR) = 1.16; 95% CI, 1.01-1.34] and wheeze reported in the morning (OR = 1.38; 95% CI, 1.04-1.83). The association with wheeze was greater in atopic subjects. There was no evidence of an adverse effect on lung function. conclusions: We conclude that classroom exposure to low-NO x unflued gas heaters causes increased respiratory symptoms, particularly in atopic children, but is not associated with significant decrements in lung function. It is important to seek alternative sources of heating that do not have adverse effects on health. key words: children, nitrogen dioxide, randomized controlled trial, respiratory health effects, schools.
There has been long-standing concern about the health consequences of indoor exposure to gas combustion products (e.g., Garrett et al. 1998; Jarvis et al. 1996 Jarvis et al. , 1998 Kerkhof et al. 1999; Melia et al. 1979; Ng et al. 2001; Phoa et al. 2004; Pilotto et al. 1997; Ponsonby et al. 2001a; Wong et al. 2004 ). Most concern has focused on the respiratory effects of emissions of oxides of nitrogen, particularly nitrogen dioxide (NO 2 ) (Bauer et al. 1986; Chauhan et al. 2003; Tunnicliffe et al. 1994) , although not all studies have demonstrated adverse effects at the observed concentrations (Salome et al. 1996; Samet et al. 1993) .
There have been two randomized controlled trials that contribute a higher level of evidence. One of these is a parallel-group, randomized, controlled trial of a homeheating intervention conducted in a cohort of New Zealand houses that were poorly heated, including 55% with unflued gas heaters and others with electric or other heating sources, and in which at least one child had asthma (Howden-Chapman et al. 2008) . Children whose homes were insulated and fitted with an effective nonpolluting heater had less nocturnal cough and wheeze, fewer lower respiratory tract symptoms, and better self-assessed health status during winter than those in the control group who did not receive any intervention until the study was over. There was no difference in lung function. This study demonstrated an improvement in clinically relevant health outcomes attributable to this home modification intervention. However, it is not clear whether the change was due to the nature of the fuel source or the effectiveness of the heating. Although the active group had substantially lower NO 2 concentrations in the living room (8.5 µg/m 3 vs. 15.7 µg/m 3 , p < 0.001) and in the child's bedroom (means 7.3 µg/m 3 vs. 10.9 µg/m 3 , p < 0.001) than the control group, there was also a 0.57°C higher average temperature in the child's bedroom and a 50% reduction in the proportion of nights in which the temperature fell below 10°C in the active intervention houses. One limitation of the study was the absence of any blinding, which would not have been feasible in a parallel-group study. Because the outcomes that changed were all subjective, this possible source of reporting bias needs to be considered. However, despite these limitations, this study does strongly support the conclusion that there will be health benefits for children with asthma from the use of nonpolluting, effective domestic heating sources in cold climates.
The other randomized controlled trial was conducted in Australian schools (Pilotto et al. 2004) . It was also a parallel-group, randomized, controlled trial in which there was no attempt to blind participants in the active intervention group that they were receiving new heaters. The control classrooms were heated with unflued heaters. Among children with asthma in the randomized classrooms, those in the active intervention classrooms were less likely to report difficulty in breathing (during the day or night), chest tightness (during the day), and asthma attacks during the day. There was no difference in lung function or airway hyperresponsiveness. As with the New Zealand study, the parallel-group design, which did not allow blinding, leaves some concern about possible reporting bias for subjective outcomes.
In New South Wales (NSW), unflued gas heaters have been the principal form of heating used in schools for many years. In response to emerging concerns in the late 1980s, the NSW Department of Education embarked on program of replacing its existing older-style unflued gas heaters with a newly designed low-NO x (nitrogen oxides) unflued gas heater (Bowin Lo-NO x ; Bowin mfg Pty Ltd, Sydney, Australia) (McPhail et al. 1989) . These are designed to conform to a 2-ng NO 2 per J standard (Bowin mfg Pty Ltd). However, there are continuing concerns about potential hazards arising from these heaters.
There has been one published report of a laboratory-based assessment of emissions from low-NO x unflued gas heaters (Brown et al. 2004 ). This study showed that the five tested heaters did emit NO 2 and, in some cases, formaldehyde and carbon monoxide. However, because no old-style heaters were tested using the same protocol, this study did not allow assessment of the extent to which these low-NO x heaters were qualitatively or quantitatively different, as claimed, from the older-style heaters. Hence, it is difficult to know whether this study validates the application of health data from the clinical studies conducted with the older-style heaters to the low-NO x heaters.
In summary, there are real health concerns about indoor exposure to combustion products from unflued gas heaters. Two randomized control trials suggest that benefits may follow from replacement of these unflued gas heaters, but the design of these trials imposes some limitations on interpretation. Furthermore, the previous Australian trial included both olderstyle and low-NO x gas heaters in the control group (Pilotto L, personal communication) , and only very limited data are available about potential adverse effects of these newer type of gas heaters. Hence, we conducted a randomized, double-blind, crossover study comparing the respiratory health effects and air quality consequences of exposure to newer-style low-NO x gas heaters with exposure to non-indoorair-emitting flued gas heaters.
Methods
The study was a three-period, clusterrandomized, controlled, crossover study conducted in primary school classes. Two conditions were compared: heating with a low-NO x unflued gas heater and heating with a flued gas heater. Classrooms were fitted with both types of heaters. In each classroom the existing low-NO x unflued gas heater was left in situ, and the flued gas heater was installed co-located with it in the classroom. Both heaters were surrounded with a screen so that those in the room would not be able to see which one was operating. During the study period either the low-NO x unflued gas heater or the flued gas heater was in active mode for 1-week periods. The 6-week study period was arranged in three consecutive pairs of 2 weeks. For each classroom, the order of operation of the unflued and flued gas heaters was randomized separately for each pair of weeks. Hence, each classroom used a low-NO x unflued gas heater for three 1-week periods and a flued gas heater for three 1-week periods. During this time the heaters were operated at the discretion of the class teacher, in the usual way, according to heating need. Further details about the installation and control of heaters, blinding of participants, and the randomization procedure are provided in the Supplemental Material (doi:10.1289/ehp.1002186).
The study was conducted in schools in the Blue Mountains, Southern Highlands, and Study population. There was a two-stage selection process in which schools and classrooms were selected and then participants within the selected classrooms were recruited. Eligibility criteria for classrooms were that they were fitted with existing unflued gas heaters, that it was feasible to install a flued gas heater, and that the class using the selected room included 20 students in grades 4, 5, or 6. Principals of 38 schools in the Blue Mountains, Southern Highlands, and Goulburn regions were invited to nominate classes to participate. All students in the selected classrooms were eligible for inclusion in the study. Those whose parents gave written informed consent were recruited.
Monitoring heater use. Temperature monitors (HOBO H8 series data loggers; Onset, Pocasset, MA, USA) were installed in the enclosures to estimate the running times for each heater. Abrupt changes in temperature were used to identify the times when heaters were turned on or off. These temperature loggers began operating only from the third study week (24 August 2009).
In-class temperature was also recorded at 2-min intervals between 0900 and 1500 hours on each study day.
Respiratory health assessments. We collected baseline information on respiratory symptoms and illnesses and use of gas and other heaters at home using a questionnaire completed by the parents. We also measured spirometric lung function before and after administration of 200 µg albuterol via spacer. Current asthma was defined as reported wheeze in the preceding 12 months and either a reported doctor's diagnosis of asthma or an increase in forced expiratory volume in 1 sec (FEV 1 ) after albuterol that was ≥ 12% of baseline. Height and weight were measured using a stadiometer and portable scales, respectively.
We measured atopy by using skin prick tests to inhalant allergens Dermatophagoides pteronyssinus (HDM), Dermatophagoides farina (also HDM), cockroach, cat, Alternaria, Aspergillus, rye grass, and a grass mix (HollisterStier, Spokane, WA, USA), as previously described (Peat et al. 2004 ). Glycerol and histamine phosphate 10 mg/mL were used as negative and positive controls, respectively. Wheal sizes were measured 15 min later and those that were ≥ 3 mm and were also greater than negative control were classified as positive. Subjects with positive reactions to any allergen were classified as atopic.
The main study outcomes were symptoms and lung function measurements recorded twice daily by participants. Children kept a daily symptom and medication diary for the 6-week study period. Subjects were asked to record each morning the presence of cough and wheeze or chest tightness during sleep. They were asked to record each evening the presence of cough, wheeze or chest tightness, fever, sore throat, runny or blocked nose, eye irritation, sore teeth or gums, and stomachache during the day. The last two questions were included to detect possible information bias. For each symptom subjects were asked to indicate whether they had "no symptoms during the day" (scored 0), "symptoms, but did not disturb your daily activities" (score 1), "symptoms that disturbed part of your daily activities" (score 2), or "symptoms that disturbed the whole day or most of your daily activities" (scored 3). Subjects also recorded whether they used bronchodilator (reliever) medication twice a day and, if so, whether it was for relief of symptoms or as part of their regular medication regimen. In the evening subjects also recorded if they had taken preventer medications for asthma, been exposed to an unflued gas heater or other type of heater at home, and/or been exposed to environmental tobacco smoke (ETS) during that day.
We used Mini-Wright Digital (MWD) portable electronic spirometers (Clement Clarke, Harlow, Essex, UK) to record lung function twice daily. Children were instructed to perform three forced expiratory maneuvers into their MWD devices in the morning and in the evening. The device records only the highest FEV 1 and peak expiratory flow rate (PEF) from the attempts made during any session. Each recording is made with an associated date and time stamp. Detailed instructions on how to do this were included on the reverse side of the diary card.
Each week the diaries were collected, and MWD data were downloaded during the school visits. The parents were sent a text message (SMS) the day before the teams were in the schools to remind the children to bring the diaries to the schools the next day. After the diaries were collected they were checked for volume 118 | number 10 | October 2010 • Environmental Health Perspectives errors and missing information. Families were then telephoned to attempt to correct the mistakes or to fill in the missing information.
Once each week, on Thursday or Friday, we recorded PEF and FEV 1 using the child's own MWD device. This served as an inschool measurement of lung function and also provided an opportunity to check their technique and correct it if needed. In addition at these school visits, we also recorded exhaled nitric oxide (eNO), using the offline method (Salome et al. 1999) .
Measurement of indoor NO 2 and formaldehyde concentrations. Airborne NO 2 concentrations in school classrooms were measured using passive diffusion badge monitors supplied by the CSIRO Division of Atmospheric Research; Clayton South, Victoria, Australia). Formaldehyde samples were collected using UMEx 100 (SKC Inc., Eighty Four, PA, USA) passive sampling badges.
On Thursday and Friday of every week during the study period, two NO 2 samplers were exposed at two different locations in each classroom. One formaldehyde sampler was co-located at one of these sites on both occasions. Further details about the placement of the samplers and their chemical analysis are provided in the Supplemental Material (doi:10.1289/ehp.1002186).
Study power and sample size estimates. On the basis of previous data from our research group, we estimated that the within-subject SD in FEV 1 was 200 mL. On this basis, using a simple crossover paired t-test analysis, 43 subjects would be sufficient to give 90% power to detect difference in FEV 1 between the two exposures of ≥ 100 mL. We expected to have an average of 15 student participants in each class. If the intraclass correlation coefficient for classrooms was as high as 0.2, then the design effect would be 3.8 and the required sample size increased to 164 subjects in 11 classrooms. To contend with potential nonparticipation and dropout among subjects and to facilitate the subgroup analyses proposed in the second hypothesis, we intended to recruit an average of 20 students from each of 20 classrooms, for a total of 400 children.
Statistical analysis. Analysis was conducted in SAS 9.2 (SAS Institute Inc., Cary, NC, USA). A p-value (alpha) < 0.05 was regarded as statistically significant.
A mean morning symptom score and a mean evening symptom score (excluding "sore teeth or gums" and "stomachache") was calculated for each subject for each day. PEF and FEV 1 recordings made between midnight and 1200 hours were designated as morning values, and those made between 1200 hours and midnight were designated as evening values. We limited the data analyzed to those relevant to a period within 24 hr after the last exposure to heaters in schools. Hence, analyses of morning symptoms and lung function data excluded observations made on Sunday and Monday mornings, and analyses of evening reports of symptoms and records of lung function excluded observations made on Saturday and Sunday evenings.
The effect of randomized heater type allocation (that is, exposure to flued vs. unflued gas heaters) was estimated using hierarchical or mixed-model regression. Fixed effects were the heater type allocation, study period (first, second, or third pair of weeks), and day of the week. In a preliminary analysis we also included heater type randomization order (that is, flued heater in the first week of a pair vs. unflued heater in the first week of a pair) and the heater type by heater type order interaction to test for order effects. Subjects were included as random intercept assuming an unstructured (variance components) correlation matrix for the outcomes measured on individuals (diary card and lung function outcomes). Mixed models treat missing values as missing at random, which is a less-rigorous assumption than missing completely at random. School was included as either a random effect or a fixed effect, as described below.
In a planned subsidiary analysis, we tested for current asthma status by heater type and atopic status by heater type interactions; where these interactions were significant, we fitted separately the models described above for the subgroup with current asthma or the subgroup with atopy.
The primary analysis used all data in an intention-to-treat (ITT) analysis. However, we also fitted a per-protocol model in which the analysis was limited to schools and days for which heater use was estimated as ≥ 30%. We also tested the effect of three time-variable confounders-use of gas heaters at home, use of an open fire at home, and exposure to ETS at home-on the effect of the randomized The ratios and differences and their 95% CIs are derived from a mixed-model regression. Fixed effects were the heater type allocation, study period (first, second, or third pair of weeks), and day of the week. Schools were treated as random intercept, and a variance components correlation structure was assumed. a All observations are analyzed according to the heater type exposure to which they were assigned. b The analysis was limited to schools and days for which heater use was estimated as ≥ 30%.
heater-type exposure on symptoms. Each of these three confounding factors was measured daily using the diary. For normally distributed continuous outcomes (FEV 1 , PEF, exhaled NO, and in-class formaldehyde), we used Proc Mixed (version 9.2; SAS Institute Inc., Cary, NC, USA) to fit the model assuming a normal error distribution. School was included as an additional random-intercept term in these models. We used a similar model for the log 10 -transformed values of in-class NO 2 concentrations. The effect of heater type on the outcome was estimated as a difference with its 95% confidence interval (CI). The difference in log-transformed NO 2 concentrations was raised to the power of 10 (anti-logged) to yield a ratio.
Symptoms were treated as both a binary variable (present or absent) and a continuous score variable (0-3) and analyzed using Proc GLIMMIX with the Laplace estimation routine (SAS Institute Inc.). For binary outcomes, we used a logistic link and binary error structure and estimated odds ratios (ORs). For score variables, we used a log link and Poisson error structure. In some cases it was not possible to fit the model when school was included as a second random intercept. Therefore, for all logistic and Poisson models, school was included as an additional fixed effect rather than a random effect.
Results
Study participants. Twenty-two schools participated in the project. Overall, 418 subjects participated in at least one part of the study, representing 77% of the 543 students in the selected classes. Three students did not submit a baseline questionnaire. At least one diary was received for 400 participants (74% of eligible students). These participants formed the study population. In any given week, average participation rates ranged from 64% to 73%.
Slightly over half the participants were girls, and their mean age was 10.6 years (Table 1) . Nearly half were atopic, including 34% who were sensitized to house dust mite allergen. Approximately 15% had current asthma, but 21% were using some asthmarelated medication. Unflued gas heaters were used in nearly one quarter of all participants' homes and half used gas for cooking.
Use of heaters in schools. Heater use was monitored during weeks 3-6 and was quantified as the proportion of time between 0900 and 1500 hours that the heaters were in operation. Across the 22 schools, median (interquartile range) daily heater use during weeks 3-6 was 25.7% (0-47.2%), 30.4% (6.9-47.8%), 16.7% (0-41.7%), and 0% (0-9.7%) of the school day, respectively. Heater use was recorded as ≥ 30% on 157 school days.
Mean daily in-class temperature between 0900 and 1500 hours was 20.9°C on days when the unflued gas heater was operating and 20.5°C on days when the flued gas heater was operating (difference adjusted for random effects 0.4°C; 95% CI, 0.0-0.8, p = 0.07). When the analysis was limited to days when the heaters were operating for at least 30% of the day, the mean temperatures were slightly higher during the period of operation of the unflued gas heater (19.6°C) than during the periods of operation of the flued gas heater (18.6°C). The mean difference was 1.0°C (95% CI, 0.5-1.5).
Effect of heater type on NO 2 and formaldehyde concentrations in the classroom. The overall geometric mean NO 2 concentration in classrooms was 32 ppb (60.2 µg/m 3 ), and the overall mean concentration of formaldehyde was 29 ppb (35.6 µg/m 3 ) during school hours on the days of measurement.
There was a significant order by heater type interaction in the effect on NO 2 concentrations (p = 0.01). However, as both order sequences showed an increase in NO 2 levels when the unflued gas heater was operating, order effects were not considered further. The order by heater type interaction was not significant for formaldehyde.
There were highly significant effects of heater type on concentrations of NO 2 and formaldehyde in the classrooms (Tables 2 and  3 ). The effect was larger in magnitude when the analysis was limited to weeks and classrooms in which heaters were used for ≥ 30% of the time.
Estimated effects of heater type on lung function and airway inflammation (eNO).
The randomized order in which classrooms were exposed to the two types of heaters (unflued gas heaters and flued gas heaters) had no significant influence on the effects of the heater type on lung function or airway inflammation (p > 0.2 for all heater type by order interactions). However, the estimated effect of heater type on PEF measured in the evening differed between people with and without asthma (p = 0.01). Atopic status did not influence the effect of heater type on lung function or eNO concentrations (all p > 0.1).
In the ITT analysis for the whole study population, heater type did not have any significant effect on any of the lung function measures after adjustment for day of the week, study week, and clustering by subject and school (Table 4) . However, when the analysis was limited to days and schools in which heater use was ≥ 30%, morning FEV 1 was 0.03 L (95% CI, 0.003-0.057, p = 0.03) higher during the period of exposure to the unflued gas heater. Similarly, in this subgroup, evening PEF was 5.2 L/min (95% CI, 1.0-9.3, p = 0.01) higher during operation of the unflued gas heater. Evening PEF was 7.3 L/min (95% CI, 0.6-13.7) higher during the operation of the unflued gas heater in the ITT analysis in the asthma subgroup but not in the nonasthma subgroup (difference = -0.1 L/min; 95% CI, -2.2 to 1.9). In the per-protocol analysis (when heater use was ≥ 30%) for the asthma subgroup, the association of unflued gas heater exposure with higher evening PEF was similar but was not statistically significant. Diff, difference. a The means and differences and the 95% CIs for the differences are derived from mixed model regression. Fixed effects were the heater type allocation, study period (first, second, or third pair of weeks), and day of the week. Schools and subjects within schools were both treated as random intercepts, and a variance components correlation structure was assumed. b All observations were analyzed according to the heater type exposure to which they were assigned. There were 6,776 observations for FEV 1 morning and PEF morning and 6,504 observations for FEV 1 evening and PEF evening c The analysis was limited to schools and days for which heater use was estimated as ≥ 30%. There were 1,249 observations for FEV 1 morning and PEF morning and 1,441 observations for FEV 1 evening and PEF evening. d All observations in subjects with current asthma at baseline were analyzed according to the heater type exposure to which they were assigned. There were 982 observations for FEV 1 morning and PEF morning and 987 observations for FEV 1 evening and PEF evening. e The analysis was limited to schools and days for which heater use was estimated as ≥ 30% in subjects with asthma. There were 169 observations for FEV 1 morning and PEF morning and 213 observations for FEV 1 evening and PEF evening.
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The findings on lung function were not substantially different when data were excluded for subject days on which the subject used a bronchodilator in the morning or the evening [Supplemental Material, Table E1 (doi:10.1289/ehp.1002186)]. There was no evidence of any decrement in lung function attributable to unflued gas heater exposure when the analysis was restricted in this way.
Analysis of lung function measures recorded during in-school testing on Thursday or Friday of each study week revealed that the unflued gas heater was associated with a small increase in FEV 1 [0.03 L (95% CI, 0.01-0.05), p = 0.01] compared with the flued gas heater. The magnitude and direction of the estimated effect on FEV 1 was similar in the per-protocol analysis [0.03 L (95% CI, -0.01 to 0.08), p = 0.14]. There were no significant effects on PEF measured at the same time, although the trend was in the same direction (data not shown).
Overall, eNO levels, which were measured at the same time as the in-school lung function measurements, did not differ between periods of exposure to the two heater types in either the ITT or per-protocol analysis. However, there was a significant interaction with current asthma status in the per-protocol analysis (p = 0.002). In the subgroup with current asthma, eNO concentrations were 3.7 ppb higher during exposure to the unflued gas heater than during exposure to the flued gas heater (95% CI, -0.5 to 7.9, p = 0.08). However, in the subgroup without asthma, the effect of flued versus unflued gas heater exposure on eNO concentrations was close to zero [0.03 ppb (95% CI, -0.68 to 0.74), p = 0.93].
Effect of heater type on respiratory symptoms. The overall daily prevalence of wheeze in the morning was 4.9% during periods of exposure to the low-NO x unflued gas heater and 4.4% during exposure to flued gas heater (Table 5 ). For wheeze reported in the evening, the overall prevalence was 5.7% and 5.2% respectively. The prevalence of cough reported in the morning was 14.2% during both exposure periods, and the prevalence of cough reported in the evening was 21.6% and 20.6%, respectively.
Treatment order did not influence the effect of heater type on symptoms except in relation to symptoms recorded in the evening (p = 0.02). However, no separate analysis by treatment order was undertaken. The estimated effect of heater type on symptoms did not differ significantly by current asthma status, but did according to atopic status, particularly in relation to wheeze recorded in the morning (p = 0.0009) and in the evening (p = 0.01) and the use of bronchodilators to relieve symptoms (p = 0.002).
In the ITT analysis, exposure to the unflued gas heater was associated with an increase in cough reported in the evening and wheeze reported in the morning (Table 6 ). When the analysis was restricted to days when heater use was ≥ 30%, the findings were generally similar, although no significant differences were found. After adjustment for use of unflued gas heaters or open fires at home and exposure to ETS at home, the association of heater type with wheeze reported in morning was stronger (OR = 1.60; 95% CI, 1.17-2.19, p = 0.003) than without adjustment (OR = 1.38; 95% CI, 1.04-1.83, p = 0.03). However, the association with cough reported in the evening was weaker and no longer significant after adjusting for these confounders.
The association with morning wheeze was evident in atopic subjects in the ITT analysis (OR = 1.85; 95% CI, 1.26-2.72, p = 0.002) and was particularly strong in this subgroup when the analysis was limited to days when heater use was ≥ 30% (OR = 7.72; 95% CI, 1.55-38.43, p = 0.01). The evidence of an association with wheeze in atopic subjects was strengthened by the finding of an increased use of bronchodilators for relief of symptoms with exposure to the unflued gas heater in this subgroup (OR = 1.87; 95% CI, 1.08-3.25, p = 0.03). In the nonatopic subgroup, these adverse effects were not observed. In the ITT analysis in nonatopic subjects, there was no significant association with wheeze reported in the morning (OR = 0.63; 95% CI, 0.39-1.02, p = 0.06). There was a significant protective association with wheeze reported in the evening (OR = 0.50; 95% CI, 0.30-0.84, p = 0.009) and with the use of bronchodilator for relief of symptoms (OR = 0.45; 95% CI, 0.23-0.91, p = 0.03). The atopic subgroup was slightly less likely to report cough in the morning when exposed to the unflued gas heaters (OR = 0.77; 95% CI, 0.60-0.98, p = 0.03).
There was no consistent evidence of an association between heater type and reporting of sore teeth or stomachache, although the latter was associated with exposure to unflued gas heaters in the atopic subgroup in the ITT analysis (OR = 1.63; 95% CI, 1.06-2.49, p = 0.02).
The findings when symptoms were analyzed based on symptom scores (0-3) were broadly similar to those observed when symptoms were treated as simply present or absent (data not shown). The association between heater type and wheeze score differed significantly between atopic and nonatopic subjects, with more adverse associations in the atopic a Reported either cough or wheeze in the morning. b Reported cough, wheeze or chest tightness, fever, sore throat, runny or blocked nose, eye irritation, sore teeth or gums, or stomachache in the evening. c ORs > 1 indicate that exposure to the unflued gas heater, compared with the flued gas heater, is associated with an increased risk of symptoms. The model used to estimate these ORs is described in "Methods." d All observations were analyzed according to the heater type exposure to which they were assigned. There were 9,079 observations for morning wheeze and 8,858 observations for evening wheeze. e The analysis was limited to schools and days for which heater use was estimated as ≥ 30%. There were subgroup (p = 0.0008 for morning wheeze and p = 0.0001 for evening wheeze). No significant estimated effects of heater type on wheeze scores were observed in the overall ITT or per-protocol analyses. However, in the atopic subgroup, there was a significantly increased wheeze score in the evening during exposure to the unflued gas heater in the ITT analysis (p = 0.05), and this was more significant in the perprotocol analysis in this subgroup (p = 0.02). Number needed to treat. The absolute difference in daily prevalence of wheeze between when the low-NO x unflued gas heater was scheduled to operate and days when the flued gas heater was scheduled to operate was 0.5% (4.9% vs. 4.4%). This is equivalent to a number needed to harm of 200 (1/0.005). Hence, 200 children need to be removed from exposure to low-NO x unflued gas heaters during the 6-week period in which this study was conducted to prevent one child reporting wheeze in the morning on an average day.
Discussion
We have shown that in-class exposure to unflued gas heaters is associated with a) increased reporting of wheeze in the morning and possibly with increased cough and wheeze during the day (reported in the evening) and b) in children with current asthma, an increase in airway inflammation, manifest as eNO. However, exposure to unflued gas heaters was not associated with a significant reduction in lung function, whether measured at home or at school. In fact, there was a paradoxical increase in evening PEF with exposure to unflued gas heaters when the analysis was restricted to days when heater use was ≥ 30% of school time and in subjects with asthma. The association of unflued gas heating with cough and wheeze was greatest in atopic (allergic) subjects, who represented over half the study population. Atopic subjects were also more likely to use bronchodilator (reliever) medications during exposure to unflued gas heaters. We have also shown that mean NO 2 and formaldehyde levels were substantially increased in classrooms during the operation of unflued (compared with flued) gas heaters.
Strengths and limitations. The major strengths of this study design are the randomized crossover design, the blinding of participants and researchers to exposure allocation, the inclusion of items designed to detect information bias, and the use of objective outcome measures. Taken together, these attributes give a high level of confidence that selection bias, confounding, and information bias have been avoided by design or would have been detected if present. The absence of consistent evidence of an adverse association with stomachache or sore teeth gives some confidence that the adverse effect on wheeze and cough was not attributable to information bias.
Another strength of the study is the high participation rate. This lends weight to the external validity of the study in relation to primary school children in NSW. The prevalence of asthma in this population (15.3%) is very close to the estimate for 9-to 15-year-olds in the recent NSW Health Survey (13.9%) (Centre for Epidemiology and Research 2010).
The main limitation of the study, as implemented, was the low usage of heaters during the study period, presumably because of the unseasonably warm weather in late August and early September. Temperature data for the three main towns in the study area are shown in Supplemental Material, Table E2 (doi:10.1289/ehp.1002186). This table shows that the temperatures increased toward the latter part of the study period. The lack of use of the heaters limited our capacity to assess their impact on children's health.
Another limitation, which is inherent in this crossover study design, is inability to assess impacts on long-term health outcomes. Only short-term (acute) effects can be measured. However, studies designed to assess long-term effects are likely to have problems with selection bias and confounding, because it is not feasible to adopt a randomized design as we have in this study.
Discordance between lung function and symptom findings. The discordance between the symptom and lung function data was unexpected, although it is consistent with the findings of the two previous randomized controlled trials in this field (HowdenChapman et al. 2008; Pilotto et al. 2004) . One possible explanation is that subjects with asthma used additional bronchodilators to relieve symptoms and that this resulted in an increase in their lung function at the time the measurements were made. The finding of increased reliever use in people with asthma tends to support this explanation.
An alternative explanation is that exposure to the unflued gas heater emissions results in sensory changes without effects on airway function. Indeed, there is evidence that NO 2 does have effects on sensory neuropeptides in the respiratory tract in an animal model (Lucchini et al. 1996) .
Sensitive subgroups. There is evidence that NO 2 exposure attributable to traffic is associated with an increase risk of wheezing illness in children (Pershagen et al. 1995; Peters et al. 1999) and an increased risk of hospitalizations for asthma (Simpson et al. 2005) . Hence, we expected that children with asthma would be more susceptible to the adverse effects of exposure to unflued gas heaters. In fact, the findings do not generally support this conclusion.
We did find that atopic status defined a large subgroup of the population who were more likely to report symptoms with exposure to unflued gas heaters. This is consistent with the observation that pre-exposure NO 2 was associated with increased early and late asthmatic response to house dust mite allergen challenge in sensitized subjects (Tunnicliffe et al. 1994) . However, in that study, this effect was seen only at high levels of exposure (400 ppb) and not at 100 ppb. There is also evidence from some epidemiological studies that the effects of exposure to gas appliance were more marked in atopic subjects (Corbo et al. 2001; Garrett et al. 1998; Jarvis et al. 1996; Kerkhof et al. 1999) , although others have not observed this result (Ponsonby et al. 2001b ).
Conclusion
We conclude that, when compared with exposure to flued gas heaters, classroom exposure to newer-style low-NO x unflued gas heaters increased respiratory symptoms, particularly were analyzed according to the heater type exposure to which they were assigned. The additional time-variable covariates were included in the model. There were 7,179 observations for morning wheeze and 7,604 observations for evening wheeze. g ITT analysis limited to subjects with atopy. There were 3,418 observations for morning wheeze and 3,320 observations for evening wheeze. h Per-protocol analysis limited to subjects with atopy. There were 596 observations for morning wheeze and 706 observations for evening wheeze.
volume 118 | number 10 | October 2010 • Environmental Health Perspectives in atopic children, but was not associated with measurable adverse changes in lung function. Although this latter finding reassures us that severe adverse consequences are unlikely in the short term, the increased burden of symptoms and the observation of higher levels of eNO with exposure to the unflued gas heater in the subgroup with asthma suggest an adverse effect that is best avoided. It is important to seek alternative sources of domestic and public space heating that do not have adverse effects on health but are also effective and efficient for heating and have a favorable environmental profile.
